Historical studies for predicting cutting forces in wood processing are based on the Piispanen/Ernst-Merchant theory employed in metal cutting where the offcut/chip is formed in shear. This analysis has been recently improved to include significant work of surface separation and formation (i.e., the fracture toughness of the workpiece, as well as the shear yield stress and friction). The new theory is applied here to wood cutting experiments. It is well known that chip formation and surface damage depend on grain orientation and chip thickness, but experiments reveal that chip formation alters with cutting speed as well. During the COST E35 action a series of experiments and special devices to orthogonally cut wood at high and low speed have been developed. In this paper, an overview of the cutting devices and the main results are given.
Introduction and background
Studies to understand and model wood cutting have been performed by several authors over the years. In many cases empirical formulae have been derived and these will be discussed in the section of this paper dealing with cutting forces. The first systematic studies of cutting forces with different grain orientations and the study of the different chip types and formation started in the 1950s and 1960s with the work of Kivimaa (1952) , Franz (1958) and McKenzie (1961) . From these investigations two separate chip classifications for wood cutting were developed, depending on the grain orientation. Franz (1958) classified chips formed at 08 grain orientation (in line with the direction of cutting), and McKenzie (1961) classified chips formed with a grain orientated 908 to the direction of cutting (this classification is really more related to the subsurface damage than the chip type). Because wood is usually cut in 90-00 and 90-90 cutting orientations, researchers have concentrated their efforts in the analysis and description of these two cutting situations.
Fewer studies have looked at processing with different grain orientations. Studies, when processing with different grain orientations, have been carried on in recent times by Stewart (1971 Stewart ( , 1983 who analysed the general behaviour of the cutting forces for wood when orthogonally cut at low speed and computed the cutting friction coefficient. Cyra and Tanaka (2000) described the general macroscopic appearance of the chips when routing with different grain orientations. The final surface condition, when processing with different grain orientations, has been described by Goli et al. (2002) . Recently, Costes et al. (2004) have measured the cutting forces in a turning operation of a wood sample, whereby cutting occurred over all the grain orientations. The subject of the interaction between the cutting edge and wood grain was investigated during the COST E35 action by the University of Florence from the start of the programme and, later, in cooperation with the University of Reading. The main purpose of the research was:
• the measurement of the cutting forces during an orthogonal cutting process with different fixed grain orientations; • to study if a positive intercept is observed in wood cutting when plotting cutting forces versus depth of cut (DoC); • apply the Atkins (2003) cutting theory to the already known, described and documented cases; • describe in detail the chip formation when machining with different grain orientations in order to provide fundamental information for the modelling of cutting; • perform tests at different cutting speeds in order to understand the role of the cutting speed when machining wood; • implement the chip classifications already existing or develop new chip classifications for the wood cutting process. In order to achieve these goals, several different experiments have been conducted and specific equipment has been developed.
In this paper, being a report of the activity performed during the COST E35 action, the equipment will be described as well as some of the more significant results. Due to space restrictions in some cases, it will be impossible to explain everything in great detail but some of the outcomes from the activity performed during the COST E35 action have already been published. Topics concern (1) analysis of the mechanical interactions between wood and tool and the consequential defects appearing on the surface when processing with different grain orientations (Goli et al. 2002 ; (2) surface formation processes when cutting with high and low speeds (Goli et al. 2005 (Goli et al. , 2006 (Goli et al. , 2007a and (3) friction between the chip and the tool rake face (Wyeth et al. 2007 ). Other papers are in preparation.
Materials and methods
Linear cutting was chosen as the test method to understand what happens during processing wood. Two low speed cutting rigs (LSCRs) for orthogonal cutting have been developed, one at the University of Florence, the other at the University of Reading, to measure cutting forces precisely, to clearly observe their evolution during the cut and to observe the formation of chips. At low cutting speeds dynamic vibrational processes are not encountered, and since the collection of chips is much easier because they are not projected away or completely fragmented, chip formation can be easily studied. The study of chip formation is a fundamental factor in understanding what occurs during the cutting process.
Low speed cutting rigs
The LSCRs developed in Florence uses a hydraulic universal testing machine as the drive mechanism. The machine drives a platform located, by means of linear bearings, on four guides (Figure 1b) . The velocity of the platform was set to 5 mm s -1 . The tool holder was mounted on the platform, whereby the cutting blade was clamped. The cutting blade was a conventional commercial tungsten carbide insert manufactured by Leitz, part number TM 405-0. The geometry of the blade was 558 wedge, 208 rake angle and 158 clearance. Beneath the platform the sample to be cut was mounted on a Kistler ᮋ load cell and fixed into position using a clamp mechanism. The samples were pre-prepared to specific dimensions and grain orientations using a precision saw; this ensured that the samples were both parallel and had a good surface finish.
At the University of Reading, an instrumented sledge microtome was developed with which the forces were measured by the use of an extended octagonal strain-gauged load cell, and a uniform tool speed was achieved by driving the specimen with a pneumatic/hydraulic system ( Figure 1a) . The device was designed so that the blade (having an included wedge angle of 278) could be tilted, which allowed varying rake angles to be achieved.
For both the machines, because of the low cutting speeds, conventional cameras set in sequential mode, or video cameras, were used to film the cutting process. Images were also taken of the surface of the samples after cutting.
High speed cutting rig
The high speed cutting rig (HSCR) was designed to replicate the cutting geometry of the LSCR of the University of Florence, so that the role of the cutting velocity on the chip formation process could be studied. The high speed device employed a split Hopkinson Bar system (HBS) to drive the cutting tool contained within a specially-designed cutting rig ( Figure 1c ). The rig consisted of a base which housed a precision-ground cutting shaft that enabled smooth travel through two brass bushes. The motion was transferred to the sliding cutting shaft by the impact of an input bar, propelled at high velocity by the pressure system of the HBS.
A tungsten carbide insert was clamped into a slot in the cutting shaft; this achieved a rake angle of 208. The insert was the same type as fitted to the University of Florence cutting rig. A larger diameter head was bolted to the end of the shaft, which stopped the shaft after the cutting had been completed. A collar of plasticine ᮋ was used to absorb the excess kinetic energy after the cut was completed. Without the collar, the shaft was found to rebound, causing the carbide insert to damage the newly formed surface of the samples. A key fitted to one of the bushes aligned the shaft, which also prevented any rotation of the tool during cutting. The duration of the cutting process, at a cutting velocity of 8 m s -1 (the velocity at which most of the tests were performed), was 2.5 ms. To capture the cutting process visually, a Photo-sonics Phantom V7 monochrome high speed camera fitted with a Nikon 24-85 mm F2.8 macro zoom lens was utilis- ed. While the camera is capable of recording up to 160 000 frames per second, such a high capture rate resulted in a low image resolution, and clear images were obtained with a capture rate of approximately 15 000 frames per second, giving an image resolution of 512=176 pixels. An exposure time of 40 ms was used and lighting was provided by 2 kW halogen lights. The output of the load cell was recorded using a two-channel AD device connected to a PC with a sampling rate of 100 kHz. Once the cut was performed the sample was removed from the clamp mechanism and saved along with the chip, although some chips were so severely fragmented this was not possible.
Samples tested and sample positioning
Samples of dry Douglas fir were processed at both low and high cutting speeds, employing identical depths of cut and similar tools. The average moisture content (MC) for Douglas fir for the low speed cuts was measured at 9.6%, while for the high speed cuts it was found to be 11.1%, a DMC of 1.5% within the two tests. The selected boards were defect-free and had straight grain. The samples were cut as near as possible inside the same board to minimise the wood variability ( Figure 2a) .
The samples were tangentially cut and orientated so that the surface to be cut with 08 of grain orientation was the radial face (Figure 2b, c) . This ensured homogeneous cutting allowing earlywood and latewood to be cut simultaneously. The cut face had dimensions of 14 mm wide and 20 mm long. Samples were machined to obtain a series of grain orientations, achieving a range from 08 (along the grain) to 908 (across the grain) both positive (with the grain) and negative (against the grain). The orientations at q90 and -90, and q0 and -0, were the same samples cut in opposite directions. DoC of 0.1, 0.2, 0.4 and 0.6 mm were made depending on the cutting device, and for each DoC several grain orientations were investigated. Detailed information concerning the setup used in the different devices is shown in Table 1 .
The DoC was achieved using dead stops located on a datum face of the sample clamp mechanism. The dead stops were necessary because the reference surface could not be created in the device itself. The reference surface was created by a precision saw in Florence, and by means of a router in Reading while a very low feed speed was applied. The specimen was mounted inside the cutting device only after this preparation step. The actual DoC was checked by image analysis software with the stills captured by the camera in the low cutting speed tests; a measure feature within the Phantom Ph606 software was applied together with the high speed camera. In some cases, the chips were weighed to estimate the DoC. -90, -60, -30, 0, 30, -90, -80, -70, -60, machined 30, 60, 90 60, 90 -50, -40, -30, -20, -10, 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 Number When processing against the grain, the surfaces of the samples were usually destroyed and fractures were found to have propagated deep under the surface. In such cases, the specimens could not be re-cut for a repetition test and a new sample had to be tested; this reduced the number of repetitions that could be performed owing to the limited number of samples available.
Eight or nine LSCR tests and four or five HSCR tests were performed each day. The general scheme of the test is summarised in Table 1 .
Experimental results

Low speed cutting
The LSCR developed in Florence worked very effectively. Great care was taken to obtain the desired DoC. The creation of the reference surface on samples was comparatively easy for cutting along the straight grain, but was more difficult when machining with and against the grain. The precision saw used for this purpose was found to be very effective. Figure 3a shows chip formation along the grain with a DoC of 0.6 mm.
The cutting forces could also reveal what occurs during the cutting process. In fact, the fluctuating force plot shown in Figure 4a was typically found when the Franz type I chip (split and bend, explained in detail later) was formed.
Processing with a 0.1-mm DoC results in the formation of a shear plane (Franz type II) chip formation process, this consequently results in almost constant cutting forces being obtained, as shown in Figure 4b .
Processing with the grain (Figure 3b ) and against the grain (Figure 3c ) results in more complex phenomena which changed with DoC, where transverse compression, fibre bending and shear along the grain have a complicated influence on chip formation in a mixed mode that is rather difficult to predict. As the analysis of this data is still ongoing, it is anticipated that these results will be submitted for future publication.
The cutting forces (Figure 4c, d ) behave differently when processing with the grain or against the grain, compared with machining along the grain. An important observation is the progressive increase of the cutting forces instead of attaining the maximum force value immediately after cutting initiates.
The force magnitude clearly shows (Figure 4) , even with the same DoC, how processing against the grain requires significantly more force than for the other orientations. Figure 5 illustrates the cutting forces for a 0.6 mm DoC superimposed on the appearance of the surface obtained after processing Douglas fir 708 against the grain. The link between force fluctuations during the cut, and features on the cut surface, are clearly evident.
By plotting the cutting forces (F c ) and the normal forces (F n ) vs. the grain orientation all at the same DoC (as in Figure 6 ), the force relation with the grain orientation can be clearly observed. The forces plotted in the graph have been computed per mm of sample width. The error bars represent the variability of the force within the steady state region. Most of these data were obtained from averaging more than one data set, repetition cuts were only performed where the cutting process was unclear.
High speed cutting
High speed cuts (8 m s -1 ) recorded with the HSCR equipment were found to be very effective and the system worked very well. In particular: • no deceleration during the cut was observed by the data obtained from the high speed camera, so the cutting speed can be assumed to be constant;
• the cutting path was very linear and consequently the DoC was constant along the whole cutting path; • the high speed camera enabled effective viewing of the processes involved during the cut; • the mounting of the load cell on a stand independent of the system eliminated noise from the operation of the system. Different types of chip formed at the same DoC (0.2 mm) in Douglas fir, but at different grain orientations, were observed (Figure 7) .
Measurement of cutting forces under quasi-static conditions posed no problems, but difficulties were encountered in the high speed tests. The cutting force traces shown in Figure 8 are for machining a 08 grain orientation Douglas fir specimen with a 0.2-mm DoC. The results are typical of unfiltered force signals obtained at high speeds with other DoC. While it can be seen in Figure 8 that minimal noise was recorded prior to cutting owing to the sample holder being mechanically detached from the HBS, it is clear that the impact of the blade on the sample excited the force dynamometer measurement system causing it to vibrate at its natural frequency both during the cut and for some time afterwards.
Although there must be uncertainty about the precise values of cutting force in these circumstances, it was decided to plot the first peaks in force in order to observe general trends, as it was considered that the value of these peaks was mainly determined by the cutting forces. Figure 9 depicts the way in which initial peak forces vary with grain orientation for two DoC (0.2 and 0.6 mm) in Douglas fir. It is noteworthy that the general trends of the peak dynamic loads are similar to those obtained when processing at low speeds with the LSCR.
However, even though the cutting geometry of the HSCR and LSCR are the same, the peak forces (F n ) perpendicular to the cutting direction are negative in high speed tests as opposed to positive at low speeds, indicating that at high speed the tool is lifted up during cutting, but at low speed the tool is pressed down when cutting. Why the increase of cutting speed causes this change, and the conditions under which the change occurs, requires further investigation.
Work is continuing to model the HSCR behaviour with the aim of deriving the cutting force behaviour during the whole cut by the implementation of a transfer function. Other models to obtain approximate cutting forces have already been implemented and will be discussed in specific publications under preparation.
Unclassified chip formation processes
A chip, previously not classified within chip types found in orthogonal cutting, has been observed at some grain orientations when processing with the grain at both low and high speed. It occurred when cutting with the grain between 108 and 50-608. As shown in Figure 10a , it is formed by compression across the grain and shear parallel to the grain. It is similar to chips formed by a disc chipper as described by McLauchlan and Lapointe (1979) , but in that case cutting was against an anvil which is completely unlike our orthogonal cutting arrangement. The chip could be either continuous (as shown in Figure 10b ) or discontinuous (Figures 10c, d) , the latter illustrating the compression of the wood prior to shearing and the cyclic nature of the process.
A shear plane cutting theory proposed by Shaw et al. (1953) for metal cutting, where the shear plane is not on the plane of maximum stress, may be relevant to this shear plane chip formation mechanism. Due to the anisotropic properties of wood, the shear plane can be located in line with the grain, as the shear strength in that direction is lower than in other possible directions. Shaw et al. (1953) proposed that, for homogeneous materials, the shear plane was not on a plane of maximum stress due to interactions with friction on the tool rake face. Figure 11 shows a model similar to the Shaw et al. model for continuous chip formation but whereby the shear plane is in line with the orientation of the grain and the plane of maximum shear being offset by angle h. The stressed zone is contained within the borders ABC. The chip beyond BC is non-stressed, as is the workpiece material in front of the shear plane AC.
When machining at high speed with small DoC, it has been observed that this type of chip is propelled in line with the grain. Figure 12a illustrates some preliminary results obtained with a rake angle of 308 processing a specimen with a grain orientation of 308. As can be seen the chip is propelled along the grain and perpendicularly to the rake face. This phenomenon is observed for grain orientations almost perpendicular to the rake face. For other grain orientations it is not so apparent (Figure 12b ) and the phenomenon also decreases with increasing the DoC.
Analysis of the chip formation according to classical McKenzie and Franz chip classification Chips at 08 and 908 grain orientation
McKenzie (1961) identified two types of chip when cutting at a grain orientation of 908. Confusingly, he used Roman numerals as Franz (1958) had done in his chip classification scheme, but the McKenzie type I and type II are not the same as the Franz type I and type II. The McKenzie type I and type II chips were both sub-categorised, indicated by the notation 'a' or 'b', with 'a' being a regular formation pattern and 'b' an irregular formation pattern. The McKenzie type I chips form with splits into the grain of the sample, type Ia having short regular splits and type Ib having several short splits between fairly regularly spaced longer splits; in type II the material not only fails in a plane perpendicular to the grain but also parallel to and below the tool path. Our experimental cuts, at both low and high speeds, performed at 908 grain orientation, replicated the McKenzie type Ia and type Ib chip formations, as shown in Figure 13a and Figure 13c and d show the formation of a McKenzie type IIb chip when processing with high and low cutting speeds. The formation of the discontinuous chip (type b) occurs mainly in the earlywood.
No type IIa chips were observed at either slow or high speed at 908 grain orientation, but this type was observed at a 608 grain orientation (Figure 13e) . Franz (1958) classified three types of chip, all at zero grain orientation: type I is a chip formed by a split ahead of the tool and bending failure; type II is a chip formed by shear (the same process as the Merchant type 2 in metal cutting); and in type III, chips are formed by compression ahead of the tool. In our experiments, type I ( Figure 13f ) and type II chips ( Figure 14) were found at 08 grain orientation, but no type III chips were found. Type I chip formation was found both at 8 m s -1 and 5 mm s -1 cutting velocities, with a 208 tool rake angle but with different DoC. When machining at 5 mm s -1 this type of chip was produced with DoC )0.2 mm, while with high speed cutting this type of chip was formed with DoC -0.1 mm. Type II as type I was also found at both velocities, but at different DoC (at 0.2 mm or lower at 5 mm s -1 and lower than 0.1 mm when cutting at 8 m s -1 ). We believe that type III is more common when machining with very low or negative rake angles, lower than used in our cutting experiments; thus, this type of chip was not found in any of our experiments.
Chips formed at other grain orientations
The McKenzie type I chip formation (splits into the grain) were found in both high and low velocity cuts with negative grain orientations (i.e., cutting against the grain). However, the low velocity cuts performed with a 608 tool rake angle did not form the type I chip, whereas the low velocity cuts performed with a 208 tool rake angle did. Only one low velocity cut at Florence (208 tool rake angle, 5 mm s -1 cutting velocity, -608 grain orientation and 0.2 mm DoC) produced a McKenzie type II chip (subsurface failure). However, McKenzie type II chips were observed at high speed at both negative and positive grain orientations. The subsurface failure occurred behind the tool tip. At negative grain orientations the failure was caused by grain rotation and tearing. At positive grain orientations the subsurface failure was caused by tool clearance face rubbing, which in turn caused subsurface tearing, predominantly in the earlywood. The Franz type I split-type chip was only observed at 08 grain orientation. Cutting performed on the instrumented microtome with the blade set at a 608 rake angle produced a Franz type II chip (shear type) at a -608 grain orientation with 0.2 mm DoC and at -708 grain orientation with a 0.4 mm DoC. Franz type II chips were not observed at negative grain orientations with the 208 rake angle at either high or low velocity. Table 2 shows a summary of the effects of tool rake angle, cutting velocity and depth of cut on the classic chip formations. Figure 15 combines chip types at different grain orientations, for both low and high cutting speeds, with iden- tical tool geometries (rake angle as208 and DoC 0.2 mm). The various types of chip produced at the different speeds at the same grain orientation are also shown. At 08, the Franz chip is continuous at low speed (i.e., type II) but becomes the split-type at high speed (i.e., type I). At 908 grain orientation, the high speed chip disintegrates after formation. At other orientations, differences with speed may not be so marked. The differences in the chip formation for the other grain orientations will be the subject of other publications.
Effect of cutting speed on chip formation
Modelling cutting forces
The forces to cut wood depend on wood species, density, MC, grain orientation, geometry, tool material and friction between chip and tool, and cutting speed. There are many empirical formulae for the variation in cutting force F c with depth of cut t in wood processing (Kivimaa 1952; Kollmann and Cô té 1968; Giordano 1981; Fischer 1989 Fischer , 2004 Juan 1992; Eyma et al. 2004; Scholz and Troeger 2005) . In a simple model, F c depends directly on the cross-section being cut, i.e.,
where K 1 is some constant and w is the width of cut (or kerf of a saw blade). Instead of a linear relation passing through the origin, another proposal is:
where K 2 is another constant and n-1. Both the linear Eq.
(1) and non-linear Eq. (2) have been generalised to include positive intercepts on the force axis, to give: In addition, the momentum change of the chip has been included in analyses, as well as tool sharpness. Empirical relations for the power consumed in wood cutting may be obtained by multiplying the empirical expressions for force by the cutting velocity.
Relations, such as Eqs. (1)- (4), are obtained by curvefitting experimental cutting force vs. DoC data.
The constants K relate specifically to the conditions of the experiments under which they were determined. They cannot be general, nor be extrapolated, because the well-known work of Franz (1958) demonstrates that depending principally on DoC and tool rake angle three types of chip may occur, namely continuous, discontinuous and a compression type of chip. It would appear that empirical curve fitting does not always recognise these differences, so that use and extrapolation of formulae for woods of different 'strength', or in conditions different from those under which data obtained, must be suspect. In order to provide a contribution to the development of new models to predict cutting forces in wood cutting, the Atkins theory (2003) has been applied to two classical cases of cutting: the formation of a Franz chip type II which will be called ''offcut formation by shear'' and the formation of a Franz chip type I which will be called ''offcut formation by bending''.
Offcut formation by shear
Continuum theories of cutting assume isotropic, homogeneous materials. Wood does not fulfil these criteria: it is highly anisotropic and compressibility of softwoods complicates the behaviour. Nevertheless, the Piispanen/ Ernst-Merchant homogeneous isotropic theory is employed to predict machining forces for wood, sometimes incorporating variations in physical properties with direction.
The Piispanen/Ernst-Merchant model says that the chip is formed by shear on a well-defined plane emanating from the tip of the cutting edge to the free surface of the workpiece (Figure 11) . In along-the-grain wood cutting, this type of chip is formed when the rake angle of the blade (with respect to the normal to the cut surface) is small, i.e., in saws.
Ernst-Merchant argued that cutting forces were determined solely by plasticity in the shear plane, and friction between chip and the rake face of the tool. To this day, there are great improvements in representation of the plastic flow field and friction, i.e., received wisdom in metal cutting. Atkins (2003) showed that significant work of separation (i.e., material fracture toughness) should be included in analyses of cutting. Work of surface separation in models of metal cutting was considered to be negligible because, when estimating its magnitude, the chemical surface free energy g of a few J m -2 was employed rather than the fracture toughness of kJ m -2 , which modern ductile fracture mechanics would employ. Separation does not occur along a single plane as assumed in the definition of g but rather is accompanied by boundary layers of irreversibility, so that specific works of separation R are approximately 1000= (free surface energy). Atkins (2003) showed that when separation work at the kJ m -2 level was incorporated in analyses for forces in cutting, many shortcomings of traditional analyses were removed. The component F c of the cutting force in the direction of cutting is:
shear shear where the friction factor Q shear is:
shear and where the non-dimensional parameter Z is:
The component F n of cutting force normal to the cut surface is:
n c
In the above equations, k is the shear yield stress, g shear is the shear strain along the shear plane inclined at angle f, a is the rake angle of the tool (defined with respect to the normal to the cut surface), and b is the so-called angle of friction related to the coefficient of friction m by mstanb. Eq. (5) without the second term incorporating R coincides with the traditional Ernst-Merchant theory. The shear strain is given by:
shear and is unknown since the inclination f of the shear plane is unknown. It is argued that f is determined by minimising the work done or, equivalently, by minimising F c . The closed-form solution for f and hence F c has recently been found by Williams (2008) . He shows that:
and hence:
Plots of (F c /w) vs. DoC are therefore expected to have an intercept on the force axis equal in value to R. Furthermore, when Z-0.1 (i.e., when DoC)10R/k) f and hence g shear are practically constant, making the coefficient of DoC constant, so that linear plots are expected.
At smaller values of DoC, (F c /w) vs. DoC curves down towards the origin but still has an intercept. It is clear that the empirical expressions, Eqs. (3) and (4), are all special versions of Eq. (11) applying to particular ranges of DoC. Use of Eqs. (1) and (2) would be in error at small depths of cut w'small' in relation to the length (R/k)x. Comparison of experimental wood cutting data and the above new theory has been successfully made (Wyeth and Atkins 2005; Atkins 2006 ).
It may be questioned why great advances have been made in metal cutting when a theory that ignores R is most often employed. It is because the thin boundary layers that form the top of the cut surface and the underside of the chip are so thin that the 'remote' flow field by which the offcut is formed is virtually independent of their existence. However, though having a small volume, the associated work per volume for separation is large, so that the contribution to total work and to the cutting forces is significant. Indeed, recent finite element method modelling of the transient start of orthogonal metal cutting (Rosa et al. 2007 ) shows that extremely fine meshes have to be employed to give sensible predictions for cutting forces.
Experimental evaluation of theory
Shear plane cutting tests were performed using the LSCR at the University of Reading. The Douglas fir test specimens were all of 08 grain orientation and the tool rake angle was set at 608, this ensured that the chip formation process for each DoC was with a shear plane. The average cutting forces F c (normalised by the width of the cut) vs. the DoC were plotted, as shown in Figure  16 . A linear trend and a positive intercept was found as predicted by the proposed theory.
Offcut deformation by bending
In wood cutting, offcuts can form by bending when the rake angle of the tool is large, i.e., with the sort of knife- 
bend and where u is the included angle of the wedge cutter so that, for small clearance angles, us(90-a)8. Note that the cutting force is constant, and the remarkable fact that F n is independent of the friction. For irreversible deformation of the offcut: with Q bend as defined above. Hence, F c varies as 6DoC with an intercept of Rw/Q bend (Williams 1998) . Sometimes, it is difficult to be sure in which mode the chip is formed, i.e., in shear or in bending (Thibault 1988) . The thrust force perpendicular to the cut surface is F n sF c tan(b-a). When chips are formed in shear, F n changes sign when a)b and also at sufficiently large DoC owing to the Q friction factor. When offcuts are formed in bending, the force on the beam has to remain in the same direction to provide the same sense bending moment at all times, so that F n cannot change sign. Observation of the trends in F n with DoC may help decide what sort of chip is forming. Analysis and comparison with experiments may be found in previously published work by Atkins (2006) .
Conclusions
During the COST E35 action, research has been carried out in order to increase our knowledge of the chip formation process in orthogonal wood cutting with different grain orientations and DoC at low and high cutting speeds. Special devices have been developed. The same cutting geometry at each cutting speed has been used to compare the effect of velocity on the process. Complete test sets have been performed at both high and low cutting speed acquiring a large amount of data that still requires analysis and discussion. The work performed has enabled some progress in understanding the mechanics of chip formation and the factors that contribute to the forces and work required for cutting. The role of fracture toughness (crack resistance) is important, as well as 'strength' and friction between offcut and blade. A distinction has to be made as to how the chip is formed, namely in shear or by bending. The mathematical form of many empirical relations for cutting forces can now be given a scientific basis.
Owing to its anisotropy, wood remains a formidable material to model at all grain orientations. This is shown by the different, and complicated, types of chip that are formed at different grain orientations (and even at a single orientation, the type of chip may be different for different rake angles, different DoC, different frictional conditions and different cutting speeds). The study of chip formation, at low and high speeds over the whole range of grain orientations, described in this paper highlights the great variations that occur even for limited changes in rake angle and DoC.
A new chip classification has been proposed at some positive grain orientations. The shear plane was found to be in line with the grain orientation and not on the plane of maximum shear stress. This type of chip was found at both low and high cutting velocities and at both rake angles investigated. This chip type was found to be either continuous (at low speed) or discontinuous (at high speed).
